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I
t has been widely established that Earth is absorbing more energy from the Sun than it is radiating back to space (1) . Furthermore, this has been attributed to anthropogenic greenhouse gases (2) . Although global surface temperatures have risen over the previous century, several recent papers have documented a slowdown in the rate of surface warming since 2003 (3) . Most efforts to explain this surface temperature "hiatus" have suggested that it is compensated for by more rapid warming at deeper levels in the ocean in either the Pacific (3-6) or Atlantic (7) Oceans or a combination of the Southern, Atlantic, and Indian Oceans (8) . More recently, a study pointed out that heat is piling up in the depths of the Indian Ocean (9) . These studies suggest that the net rate of ocean heat uptake has continued unabated and that the surface hiatus signature is due to an internal rearrangement of heat within the ocean between the surface and some deeper layer of the ocean. This has implications for the net radiative forcing of Earth, because the ocean is the dominant reservoir for storage of excess heat on time scales longer than 1 year, and ocean heat content increases should approximately equal the net radiative imbalance at the top of the atmosphere (1) . An alternative hypothesis is that approximately half of the surface hiatus is caused by changes in solar and stratospheric aerosol forcing (10) . In other words, half of the hiatus signal is caused by reduced uptake of heat by the ocean, as opposed to an internal redistribution of heat.
A vigorous debate has grown over this subject, but it has not yet been informed by comprehensive analysis of the available data over the past two decades. We considered both ocean observational data and widely used reanalysis products (that is, numerical simulations constrained by ocean and sometimes atmospheric observations) that span both of the previous decades. A recent study based on Argo data pointed out that net warming continued unabated, despite the exchange of heat between the top 100-m layer and the thermocline on interannual time scales. (11). It did not, however, consider the redistribution of heat between these layers on decadal time scales, its geographic distribution, or how it might differ before and after the start of the hiatus in 2003.
Our analysis indicates that during the most recent decade, cooling in the top 100-m layer of the Pacific Ocean is compensated for by warming in the 100-to 300-m layer of the Western Pacific and Indian Oceans, with the largest contribution in the tropics. The Southern Ocean plays a secondary role in warming the 100-to 300-m layer, but this warming has been steady over both of the past decades. The Atlantic Ocean does show a switch from warming to cooling, but its area is so small that it cannot meaningfully contribute to the hiatus signal in surface temperature over the past decade (figs. S1 and S2). Finally, we find little evidence for any change in warming rates below 700 m between the past decade and the previous one-or that the net ocean heat uptake has slowed in the most recent decade.
Observed temperature trends in the oceans were estimated using objectively analyzed subsurface temperature fields from the World Ocean Atlas (WOA) (12), Ishii (13) , and the Scripps Institution of Oceanography (14) . Simulated temperature trends, based on reanalyses that assimilate ocean data, have also been examined. We compared observed trends with simulated trends from the Simple Ocean Data Assimilation (SODA), National Centers for Environmental Prediction Global Ocean Data Assimilation System (NCEP GODAS), and the latest European Centre for Medium-Range Weather Forecasts ocean reanalysis system 4 (ECMWF ORAS4) (15-17) (SODA, NCEP, and ECMWF). We considered global and basin-averaged temperature trends for the periods from 1993 to 2002 (the 90s) and from 2003 onward (the 00s). The periods for the past decade are slightly different depending on the product (table S1) . Nevertheless, our results are insensitive to the choice of somewhat different time periods. These periods were chosen based on the assumption that the hiatus began in approximately 2003, when there was a small local maximum in the 5-year moving average of global surface temperature (6) . Analysis of ocean heat content estimates (as in the supplementary materials) has also been included.
Comparison of the globally averaged temperature change as a function of depth across the water column for each of the past two decades shows substantially less warming in the second decade in the top 100 m (Fig. 1, A and B , where the gray line corresponds to the average of the two observational estimates). Here the hiatus signal is manifested as slight cooling, or a nearzero trend, at the surface. The difference between the warming rates over the two decades (Fig. 1C) shows substantial temperature slowdown in the past decade near the surface for all estimates. The uncertainty shown in Fig. 1 represents one standard error and is an estimate of the uncertainty due to incomplete sampling of the global average (supplementary materials). Instrument biases during this period have been corrected before objective analysis for both the WOA and Ishii products. Remaining uncertainty due to these corrections has been shown to be small (18) . The global average surface temperature has been rising since 2003 by +0.001°C/year. Although not zero, it is slower than the century time-scale warming of +0.0064 ± 0.0015°C/year since 1880 (2). The surface warming of the 00s was also substantially slower than that of the 90s, which warmed at a rate of +0.008°C/year (table S1). The average trend difference between the 90s and the 00s indicates decreased warming of -0.007°C/year near the surface (top 10 m) and -0.0005 ± 0.004°C/year in the average over the 10-to 300-m layer (table S1). The fact that the average warming rate over the top 300-m layer did not change between the 90s and the 00s indicates that even on decadal time scales, most of the hiatus-related cooling at the surface is compensated for by warming in the upper 300 m of the ocean.
Because it covers nearly one-third of Earth's surface, it is not surprising to find that surface cooling during the past decade appears to be mainly driven by the Pacific (figs. S1 and S2). A closer look at different basins (figs. S8 to S12) shows that between 2003 and 2012, the most rapid warming in the top 300 m is around the depth of the thermocline (100 to 200 m) in the IndoPacific region and, to a lesser extent, the Southern Ocean. This is also clear in the global maps ( fig. S6 ) and the zonal average temperature trends in the upper 300 m (Fig. 2) . In addition, this is where the most active redistribution of heat occurs on shorter time scales due to El Nino-Southern Oscillation (11, 14) . It is clear from Figs. 1 and 2 as well as figs. S8 to S12 that there is heat compensation between the top 100-m layer and the 100-to 300-m layer in the Pacific, Indian, and to some extent the Southern Ocean.
The clearest depiction of the past decade's hiatus can be seen in a band near the equator (Fig. 3) . In the 90s, the Pacific warmed in the thermocline, while the Indian Ocean cooled in the far west. During the 00s, however, the thermocline in the Pacific sank in the west and shoaled in the east, as described by England et al. (6) , and the tropical Indian Ocean warmed significantly in the thermocline. It is well known that the Indonesian Throughflow and leakage through the Tasman Sea provide pathways for interannual changes in the Pacific to affect the eastern tropical and subtropical Indian Ocean (19, 20) . Furthermore, oceanic Rossby waves can carry changes in thermocline depth (and hence heat content) from the Pacific to the Indian Ocean on multidecadal time scales (21) . Our analyses suggest that the long-term cooling trend in the tropical and subtropical South Indian Ocean described by Schwarzkopf and Böning (21) reversed during the period of the hiatus, carrying some of the subsurface heat into the Indian Ocean (Figs. 2 and 3 and fig. S6 ).
It is clear that temperature trends in the North Atlantic Subpolar Gyre switched from warming to cooling in the most recent decade (fig. S6) . However, the area of the Atlantic north of 40°N accounts for only 4% of the global ocean. In fact, if the subpolar gyre is masked out, the time series of global surface temperature and the recent hiatus remain virtually unchanged ( fig. S2 ). There is also no clear indication of anomalous heating in the Atlantic Ocean during the 00s at other depths, excluding a meager amount in Ishii's analysis below 1000 m ( fig. S12 ). This suggests that previous work using Ishii's analysis (7) is an incomplete description of the hiatus and its cause. 
2000-m layer)
. The latter is consistent with the 0.0013°C/year rate of warming for the 700-to 1500-m layer, as measured by the Argo array in the 00s (table S1) . Together these findings suggest no significant increase in the rate of warming below 700 m since 2003. This is consistent with Levitus's results (12) but contradicts Ishii's estimate, which shows increased heating on the order of +0.0029°C/year between the 90s and the 00s for the same layer (table S1) .
Reanalyses also do not seem to correctly reproduce the ocean warming rates, and they lie well outside the observation uncertainty at different depths and times. Both the hiatus and the net amount of heat absorbed by the ocean below 700 m are overestimated (table S1). Reanalyses are also inconsistent with ocean observations, in terms of the vertical and regional distribution of heating. This is true for both global and basinwide averages (bottom panel of Fig. 1 and figs. S8 to S12). We found that biases are model-dependent, with NCEP showing the largest deviations, followed by ECMWF (particularly in the 00s within the 300-to 700-m layer) and SODA. The NCEP rates of ocean warming clearly show large deviations from the observations at many depths during both decades. There is no observational evidence for such large amounts of warming below the thermocline in the 00s, peaking at 750 m. Nor is there evidence to support such rapid cooling below 2000 m during both decades ( fig. S8) . Such large signals seem likely to be unphysical and related to some type of uncorrected model drift. The ECMWF model is also problematic. During the 00s, it strongly overestimates the hiatus, and it suggests strong warming between 300 and 700 m, which is much larger than that seen in any observational analysis. This is surprising because Argo provides excellent coverage of this ocean volume during the 00s, and it shows less than half the amount of warming over these depths (Fig. 1) . In contrast, SODA compares well with observational results from WOA and Argo over the top 1000 m. This is expected, given SODA's ocean data assimilation scheme, which nudges the model toward the data without necessarily requiring energy to be conserved in the model domain. During the 00s, however, SODA does show significant cooling between 1000 and 2000 m, which seems contradictory to all observational estimates.
In terms of heat content integrated from the surface down, all reanalyses also show large deviations from observations ( fig. S7 ). Similar results have been found at regional scale (figs. S13 to S17). The observational rate of heat content increase over the 0-to 1500-m depth range did not change significantly between the 90s (2.0 × 10 21 J/year) and the 00s (3.4 × 10 21 J/year or 2.53 × 10 21 J/year, according to the observational average or Argo, respectively) (table S2). Thus, observational heat content estimates do not reveal any obvious hiatus. This suggests that since the early 90s, there has been a steady rate of net ocean heat uptake, and the amount of radiative imbalance at the top of the atmosphere remained practically unchanged between the 90s and the 00s. This contradicts one recent study (8) suggesting that the net ocean heat uptake was reduced during the 00s on the basis of changes in surface flux estimates.
Comparison of several of the most commonly used reanalyses with ocean observations raises concerns about their fidelity in simulating temperature changes or in quantitatively explaining the redistribution of heat associated with the recent surface temperature hiatus. Observational estimates provide a more accurate means of assessing oceanic temperature changes and show clear decadal signals that are robust across different analyses ( fig. S5 ) and clearly significant relative to observational errors. Our findings support the idea that the Indo-Pacific interaction in the upper-level water (0 to 300 m depth) regulated global surface temperature over the past two decades and can fully account for the recently observed hiatus. Furthermore, as previously shown for interannual fluctuations (11), the decade-long hiatus that began in 2003 is the result of a redistribution of heat within the ocean, rather than a change in the net warming rate.
